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E a r l y  g e o l o g ic a l  L it e r a t u r e
One of the most fascinating studies which can engage the attention of 
a geologist is the literature of his science of a century or so ago. Some 
of the problems then discussed have long since received their answers and 
been laid aside; others, like ghosts, refuse to be laid and are still with us. 
But in all cases the point of view is so different from that of the present 
time, and in many cases the arguments adduced are so quaint and curious, 
that the picture of the geological science of those early days is one of 
peculiar interest. The theological influence of the cosmogonist permeates 
much of the writings of this early time, and there are scores of treatises 
on the constitution and history of the earth, in which the authors have 
drawn their material in part from a nodding acquaintance with certain 
of the salient phenomena of nature, but chiefly from an extended study 
of Holy Writ and the works of the church fathers, rounded out by con­
siderations as to the manner in which they themselves wotdd have created 
the world had they been called on to bend their energies to this important 
task. Among the works of this class, one of the best known is by Burnet, 
which appeared in 1697 and is entitled “The Sacred Theory of the 
Earth, containing an account of the Origin of the Earth and of all the 
general changes which it hath already undergone or is to undergo till the 
Consummation of all Things.”
1 Manuscript received by the Secretary of the Society December 27, 1917.
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Some of the ideas presented in this early literature are not only quaint, 
but rather striking in their ancient dress; but when more closely exam­
ined we come to recognize in them certain well known friends. For 
example, there is the theory, frequently mentioned, of the “vegetability 
of minerals.” Are the minerals in the earth’s crust found in the state in 
which they were originally created or are they continually growing? 
Such is the question put forward by John Webster in his “Metallographa, 
or an History of Metals,” which was published in London in the year 
1670 and in which the thesis of the growth or “vegetability” of minerals 
is sustained at length under four heads.
It is interesting to trace the line of argument, which in his own words 
is as follows:
“I t  appears in Genesis tha t plants were not created perfect a t first, but only 
in  their ‘seminaries,’ for Moses, chapter 2, gives as a reason why plants were 
not come forth of the earth, because there had as yet neither any rain  fallen 
nor any dew ascended from the earth  whereby they might be produced or 
nourished. The like we may judge of minerals, tha t they were not a t  first 
created perfect, but disposed of in such sort' tha t they should perpetuate them­
selves in their several kinds. And to the same purpose the profound Sendi- 
voglus sa ith : ‘And what prerogative have vegetables above metals tha t God 
should put feed into them and undeservedly exclude these. Are not metals 
of the same dignity w ith God as trees are? And, further, whosoever hath  
diligently considered the manner how most metals do lie in their wombs or 
beds in the bare rock must necessarily conclude tha t they could never have 
penetrated the clefts, chinks, and porous places in such hard bodies unless 
they were in principiis solutis either in w ater or vapours and steams, and after 
concocted and matured into several forms of metals, which is an analogous, if  
not an univocal, generation.’ ”
A final reason, though, as the author remarks:
“Some may account it light, yet I hold it  to be very cogent, and so will all 
persons who understand the philosopher’s grand secret, is th a t Nature’s u lti­
mate labor is in time to bring all metals to the perfection of gold, which she 
would accomplish if they were not unripe and untimely taken forth from the 
bowels of the earth.”
The philosophers merely seek by their art to accelerate the work of 
Nature in bringing about the passage from the base metal to gold in their 
laboratories.
“So it  is clear th a t if  metals have not a kind of vegetability in them, then 
is the a r t of the transform ation of metals false and all the grounds of the 
more abstruse philosophy without verity.”
Then we have cases cited where minerals have been found growing in 
nature at the present time—for example, niter in earth which has been
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allowed to stand a year after a previous treatment for extraction of the 
substance, iron ore in lakes in several places, flakes of metallic silver in 
old pit timbers in certain mines—in fact, in Joachimthal silver has been 
seen to grow out of the stones of the mine—
“in the manner and fashion of grass, as from a  root in the length of a finger, 
very pleasant to behold. In  places this silver doth embrace the stone in most 
tender leaves, plates, and spangles. I t  sometimes beareth the shape of h a irs ; 
sometimes of little  twigs. Sometimes i t  beareth the shape of a tree.”
And so we pass on naturally to the “golden tree,” to which frequent 
reference is made by ancient writers and which is described by Peter 
Martyr in the following terms:
“They have found by experience tha t the vein of gold is a living tree, and 
th a t the same by all ways spreadeth and springeth from the root, by the soft 
pores and passages of the earth, putteth  forth branches, even to the upper­
most part of the earth, and ceaseth not until i t  discover itself unto the open 
a ir; a t which time it  showeth forth  certain beautiful colors in the stead of 
flowers, round stones of golden earth  in the stead of fruits, and thin  plates in 
stead of leaves. These are they which are dispersed throughout the whole 
island [he is speaking of Hispaniola] by the course of the rivers, eruptions of 
the springs out of the mountains, and violent falls of the floods; for they 
think such grains are not engendered where they are  gathered, especially on 
the dry land, but otherwise in the rivers. They say th a t the root of the 
golden tree extendeth to the center of the earth, and there taketh nourishment 
of increase; for the deeper tha t they dig they find the trunks thereof to be so 
much the greater, as fa r as they may follow it, for abundance of w ater spring­
ing in the mountains. Of the branches of this tree they find some as small as 
a thread and others as big as a man’s finger, according to the largeness or 
straightness of the rifts  and clefts. They have sometimes chanced on whole 
caves, sustained and bom up, as i t  were, w ith golden pillars, and this in the 
ways by which the branches ascend: the which being filled w ith the substance 
of the trunk creeping from beneath the branch, maketh itself way by which 
it  may pass out. I t  is oftentimes divided by encountering with some kind of 
hard stone; yet it  is in other clifts nourished by the exhalations and virtue 
of the root.”
M o d er n ' e x p e r i m e n t a l  M e t h o d s
Thus we have in an antique dress the modern “theory of ascension,” 
as applied to the origin of mineral veins, and of the now well known fact 
of the derivation of placer deposits from auriferous veins.
In the years which have passed since the childhood of geological science 
such a thorough knowledge of the structure, of at least the superficial 
portion of the earth’s crust, has been obtained that geological science in 
many fields has developed that power of prediction which by some has 
been cited as the characteristic of a true science—so much so that the
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geologist now precedes the engineer in all great mining operations where 
these are efficiently conducted, and could with great advantage to the 
public purse and public welfare have preceded him in many great civil- 
engineering enterprises.
This high attainment in our scientific knowledge of the earth’s crust 
has been achieved by close and long continued observation carried on by 
many men through many years.
Observation is the great basis and foundation stone of the science of 
geology; but as a companion and helper on this delightful, but some­
times toilsome, path—and more especially in the later years—observa­
tion has had the support of experiment, which while of distinctly subor­
dinate and collateral value as compared with observation, has nevertheless 
rendered many important services in the development of geological 
knowledge.
Experiment in geology is in almost all eases really experimentation in 
physics or chemistry applied to geological problems, and we find at the 
very outset that here the experimental method is at a disadvantage, in 
that the scale on which the earth is constructed is so immense, and the 
forces at work so enormous, and the time concerned so vast, that in many 
cases the reproduction of the conditions which obtain in nature almost 
seems beyond our reach. This, however, is by no means always the case, 
and with the ever increasing facilities at our command experiment is 
being carried ever farther forward into regions of geological study which 
in former times seemed to be forever inaccessible to it.
We are said to experiment when we subject materials to varying con­
ditions of pressure, temperature, chemical action, etcetera, and record 
the changes observed. It is thus possible to ascertain which of these 
conditions is the essential factor in developing the geological phenomena 
under observation.
Furthermore, if it be found that a chemical change or mechanical 
movement which takes place at the ordinary temperature with extreme 
slowness is expedited by an increase in temperature, it is often possible 
by increasing temperature to carry out in a reasonable time an experi­
ment which under the exact conditions which obtain in nature might 
require years, or even decades or centuries, to complete. While, there­
fore, many great regions of geological investigation still remain closed to 
the experimental method, numerous other wide fields of geological study 
are open to experiment and will probably continue to enlarge as time 
goes on.
This was clearly shown when the Governing Board of the Carnegie 
Institution of Washington had submitted to it the proposal for the estab­
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lishment of a geophysical laboratory to be devoted to advanced work in 
experimental geology. There was a doubt at first in the minds of some 
members of the Board as to whether this field was sufficiently large to 
warrant the very large expenditure which would be required to build, 
equip, and maintain such an institution. A group of geologists were 
accordingly asked to consider the question and to submit a list of geo­
logical problems which in their opinion were susceptible of solution by 
the experimental method. This was done, and the list which was drawn 
up may be found in the “Year Book of the Carnegie Institution” for 
1903. The mere enumeration of these problems showed the field to be 
so extensive that the Board at once decided to establish the laboratory, 
which with its brilliant staff and magnificent equipment has now come 
to be the foremost center of geological experimental research in the world.
The importance of the experimental method came to be generally rec­
ognized in the world of science through the writings of Francis Bacon, 
who set forth its transcendent value as a path for attaining “the knowl­
edge of causes and secret motions of things.” His plan for the investiga­
tion of nature, outlined in his “New Atlantis,” which went through ten 
editions between 1627 and 1670, suggested the .establishment of a “Col­
lege for the Promoting of Physico-Mathematicall Experimentall Learn­
ing,” what we would now call a university of research, endowed by the 
State, which eventually took form in the Royal Society of London, 
founded in 1662, receiving grants from the State for the prosecution of 
scientific research and acting in an advisory capacity to the government 
in questions requiring scientific knowledge. It  is thus the oldest scien­
tific society in the world, and it is interesting here to note that Benjamin 
Franklin was elected a Fellow of this Society in 1756. The inscription 
on his portrait which hangs in the Society’s rooms at Burlington House 
runs:
“Benjamin Franklin, LL. D., F. R. S. (1706-1790)—American, Philosopher, 
and Statesman. In  1757 came to England as agent for Pennsylvania. Elected
F. R. S. 1756 and contributed papers on electrical subjects to the Philosophical 
Transactions. Copley Medallist, 1753.”
T h e  G r o w t h  o f  e x p e r i m e n t a l  S c ie n c e
It is very interesting to follow the growth of experimental science as 
seen in the long series of papers which have appeared in the successive 
volumes of the Philosophical Transactions of the Royal Society from the 
early days to the present time. Of these, however, comparatively few 
deal with strictly geological problems; but in the abstract of a paper by
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Doctor Lister, entitled “On the cause of earthquakes and volcanoes/’ 
which appeared in Volume II, published in 1705, the author presents a 
most interesting discussion of these phenomena concerning which we are 
still speculating, not, however, it is to be hoped, without making some 
very substantial advances toward their true solution. “I have elsewhere 
shown,” says Doctor Lister, “that the breath of pyrites is sulphur ex tota  
substantia. Again, that the material which is the cause of thunder and 
lightning and of earthquakes is one and the same, namely, the inflamma­
ble breath of pyrites, the difference being that one is fired in the air and 
the other underground.” He then goes on to give his reasons, which time 
will not permit us here to reproduce, but which are most ingenious, and 
then continues: “We with great probability believe volcanoes to be moun­
tains made in great part of pyrites by the great quantities of sulphur 
therein sublimed and the application of the lodestone to the ejected 
cinder.” He considers that the mountains were probably “kindled shortly 
after creation” and by the spontaneous ignition of this mineral.
Iron pyrites giving off sulphur, as it does when heated, was looked on 
askance, as in some way connected with diabolical manifestations in 
nature. The author of “A Theory and History of Earthquakes,” pub­
lished in London in 1753, writes:
“This dreadful mineral is found in England as well as in other places more 
subject to earthquakes, but in smaller quantities and generally containing less 
of the sulphur, and this may be a principal reason why our earthquakes have 
been hitherto very slight and comparatively few.”
This relation of volcanic phenomena to sulphurous minerals had fur­
ther support in the general opinion coming down through the centuries 
from the time of the Greeks, or even earlier, that the center of the earth 
was a place of everlasting fire, serving, as one ancient writer puts it, as 
“an eternal jakes or prison, destined for the punishment of the damned.” 
The brimstone always associated in the popular mind with this place of 
plutonic punishment related itself admirably to the sulphurous exhala­
tions from craters at the surface and to the occurrence of pyrites in the 
intervening strata, although the conception gave rise at times to certain 
curious intellectual difficulties.
Thus, in referring to the vent at Vulcano, in the Phlegrean Fields, the 
writer just quoted asks:
“I f  this be hell, w hat a desperate end made tha t unhappy German who not 
long since slipped into these furnaces, or what had his poor horse committed 
tha t fell in with him tha t he should be damned, or a t least retained, in purga­
tory?”
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An experiment is described by several writers of this period which was 
considered by them to demonstrate that it was to the presence of great 
deposits of self-igniting sulphurous minerals in the earth’s crust we must 
look for the cause of volcanic action. The experiment consists in mixing 
several pounds of iron filings in equal parts with sulphur, moistening the 
mass with water, and burying it to a depth of a few feet in the ground. 
Presently, we are informed, it begins to heat, and in a few hours the 
earth will begin to tremble and crack; fire and smoke will burst through, 
and it is only necessary to postulate a sufficient quantity of this mixture 
to produce a true Etna. “This experiment, continues one author, suffi­
ciently explains and illustrates the cause of earthquakes, volcanoes, and 
all fiery eruptions from the earth, for nothing more is requisite than 
iron, vitriolic acid, and water; and iron,” he continues, “is generally 
found accompanied by sulphur.”
Such early experiments, while they have no real importance or value, 
may be taken as an evidence of a growing interest in the experimental 
method and as the forerunners of more important and serious work which 
was to follow in later years.
It was the well known controversy between the ISTeptunists and the 
Plutonists that afforded the first striking example of the importance of 
experiment in geology.
The Neptunists held that fire, while liquefying substances by fusion, 
could never produce crystalline bodies, since the fused mass in cooling 
was always glassy in character. A crystalline structure could, according 
to their tenets, be produced only by deposition from solution. They held, 
therefore, that crystalline rocks—as, for example, basalt—could not have 
been produced by fire, but must have originated by deposition from water.
They held, furthermore, that not only were basalts and similar rocks 
of sedimentary origin, but that the crystalline schists, gneisses, etcetera, 
had originated in like manner, and adduced as further proof of this fact 
the fact that bodies of crystalline marble were in places found inclosed 
in these schists, which showed that the inclosing rocks had never been 
subjected to heat, since, had this been the case, the carbonic dioxide would 
have been expelled from the marble and quicklime only would have 
remained.
Hutton, on the other hand, following the teaching of the Plutonists^ 
held that the crystalline schists and other crystalline rocks had solidified 
from a molten condition, and that the magmas from which they had 
developed would, if cooled very slowly, yield distinctly crystalline, or even 
coarsely crystalline, rocks, and that even “stones2 of the calcareous genus
2 Playfair’s Illustrations of the Huttonian Theory, vol. 1, p. 45. Edinburgh, 1822.
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have been reduced by heat into a state o f flu id ity ; thus the saline or finer 
kinds o f marble that have a structure h igh ly  crystallized m ust have been 
softened to a  degree little  short o f fusion  before this crystallization could 
take place,”  and th at he believed it  to be possible th at “ calcareous earth 
under great compression m ay have its fixed air retained in  it, notwith- 
sjfcanding the action of intense heat, and m ay by th a t means be reduced 
into fusion or into a state approaching it.”
H ere was a w ell defined issue between the two great cam ps into which 
the geological world was then divided. On its outcome depended the 
explanation of the nature and origin  o f the rocks constituting a large 
portion o f the earth’s crust. T h ey  could not settle the dispute by obser­
vation in  the field, but it w as trium phantly decided by recourse to experi­
ment. To S ir  Jam es H a ll,3 of E din burgh  [17 6 1-18 3 2 ], who was an 
intim ate friend of H utton, is due the credit of havin g carried out th is 
epoch-m aking experim ental demonstration.
T a k in g  first the “ whinstone,”  or intrusive olivine basalt o f the d istrict 
about E dinburgh, and later the lavas from  Y esuvius and E tn a, he fused 
them  in  a reverberating furnace and obtained from  the fused m aterial 
by rapid cooling a perfect glass. W hen, however, the rock was fused and 
cooled more slowly, he obtained a product which, w hile n ot like whinstone, 
was o f an interm ediate character, like  the “ liver o f an anim al,”  to use 
his own quaint expression, and often  containing “ a m ultitude of little  
spheres having a dull or earthy fracture.”  T h is we now  know to be a 
glass filled w ith  devitrification products, and he makes some interesting 
observations w ith reference to the sudden hardening of the glass, even i f  
the tem perature rem ains constant, as it  passes into this devitrified con­
dition.
F in a lly  he found that i f  the fused mass was cooled very slowly, during 
a period of several hours, he obtained “ a substance differing in  all respects 
from  glass and in  texture completely resem bling whinstone.”
H e  thus demonstrated experim entally that, contrary to the opinion of 
the N eptunists, a  crystalline rock m igh t be produced by the cooling of a 
fused m agm a and thus be of igneous origin.
H a ll4 then carried on a long series o f m ost b rillian t, interesting, and 
ingenious experim ents, in  which he subm itted powdered chalk to a red 
or w hite heat in  closed gun-barrels or porcelain tubes. A  portion of the 
chalk w as thus disassociated, w hile the rem ainder was subm itted to a 
h igh  pressure by the carbonic acid gas thus produced. T he manner in
3 Experiments on whinstone and lava. Trans. Roy. Soe. of Edinburgh, vol. v, 1805.
4 Sir .Tames H a ll: Account of a series of experiments showing the effect of compres­
sion in modifying the action of heat. Trans. Roy. Soc. of Edinburgh, vol. vi; 1812.
GROWTH OK EXPERIMENTAL SCIENCE 175
which the m any unforeseen difficulties, which always present themselves 
in  such an investigation, were surmounted and the infinite patience w ith 
which the investigation was followed out m ark H a ll as an investigator 
o f h igh  rank. H e carried out some 500 experim ents, and a whole battery 
o f gun-barrels burst in  the course o f the investigation ; but he succeeded 
eventually in  converting the powdered chalk by heat and pressure into 
a m aterial which was to a ll intents and purposes a fine-grained marble, 
thus proving th at the presence o f this rock in a complex of crystalline 
schists could not be taken as evidence th at these rocks were aqueous pre­
cipitates, but that, on the contrary, it  conveyed the suggestion th at they 
had durin g their form ation been subm itted to conditions of great heat 
and pressure.
T h e argum ents of the N eptunists were thus finally overthrown by 
H a ll’s investigations, and he w ell m erits the honor which is bestowed on 
him  when he is called “ the F ather o f E xperim ental Geology.”
The recognition of the fa ct th at m uch valuable inform ation, contribut­
in g  in  no sm all measure to the understanding of m any recondite processes 
which are at work in  nature, m ight be obtained through experiments, 
where the conditions which obtain in  the earth’s crust are reproduced as 
closely as possible in the laboratory, now commenced to  draw the atten­
tion of an ever increasing num ber of geologists to the im portance o f ex­
perim ental work. Am ong these m ay be mentioned Sorby, P faff, K ic k , 
M ichel Lévy, Fouqué, Cadell, Doelter, Spring, M eunier, B ailey  W illis, 
and especially Daubrée, who for over forty  years devoted him self u n tir­
in g ly  to the pursuit o f experim ental geology and whose great work, en­
titled  “ Études synthétiques de Géologie Expérim entale,”  published in 
1879, w ill ever rem ain one of the classics in  this subject.
One of the lines along which such experim ental study has yielded im ­
portant results to geological science m ay be referred to briefly, namely, 
the experim ental study of the development of m ountain ranges.
T h e A lp s, situated as they are in  the very heart o f Europe, have been 
subjected to more continuous and intensive study than any other m oun­
tain  range in  the world. T he serious attem pts to unravel their structure 
m ay be said to have extended over the lifetim e of three successive Swiss 
geologists— D e Saussure, Arnold  Escher von der L in th , and his pupil, 
A lbert H eim , representing the period from  1740 to the present time.
In  the earlier part of this period the m ountain range was considered 
to be a jum bled assemblage o f rock-masses w ithout definite or recogniz­
able structure o f any kind— a mere chaos o f broken pieces of the earth’s 
crust. G radually it  came to be seen th at in addition to more or less 
massive rocks of obscure origin  there were stratified elements in the vari­
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ous m assifs. These beds, however, were h igh ly  inclined. “ We are still 
ignorant,”  writes D e Saussure, “ by what cause these rocks have been 
tilted. B u t i t  is already an im portant step am ong the prodigious quan­
tity  of vertical strata in  the A lps to have found certain exam ples which 
we can be perfectly certain were form ed in  a horizontal position.”  Then 
it  came to be recognized th at these inclined strata were portions of great 
folds, and later th at the m ountain system as a whole had originated 
through the complicated fo ld ing of a belt of country.
I t  was S ir  Jam es H a ll who, in 1812, a few  years after D e Saussure’ s 
death, insisted th at the cause of this fo ld ing was to be found in  great 
tangential pressure in  the earth’s crust, developing horizontal thrusts of 
immense m agnitude. In  order to demonstrate th a t such forces could pro­
duce the results observed, he constructed a m achine in  w hich a series of 
layers of cloth o f different sorts, alternating w ith stuffs o f other kinds, 
were subm itted to great lateral pressure while under a heavy vertical 
load. T h in  layers o f clay were in  a later series of experim ents substituted 
for the cloth. B y  these experim ents H a ll was able to show that fo ld ing 
of the type seen in  m ountain chains could be developed b y  such lateral 
thrusts, and that in  his particular experiments the convolutions of the 
S ilurian  strata of the Berwickshire coast were reproduced in a strikin g 
manner.
H e was followed after a long interval by Cadell, who, in  1888, carried 
out a series o f experim ents in which alternating layers of sands o f differ­
ent colors, clay, and plaster of P aris, resting on a bed of p lastic wax, were 
deformed in a sim ilar manner, w ith a view more particu larly  to  ascer­
tainin g under w hat conditions o f pressure overthrusts such as those 
w hich were being discovered in  the highlands of Scotland would be de­
veloped.5
Am ong some of the im portant results which he obtained were the facts 
that overthrusts did not necessarily originate in  the disruption of over­
turned folds, but were often produced directly by horizontal thrusts, and 
that a deep ly in g  overthrust m ight pass upward into an anticlinal fold 
and thus never come to be visible as an overthrust a t the surface.
Daubrée,6 P fa ff,7 M eunier,8 Schardt,8 Keyer,10 and others earried out
5 Experimental researches in mountain-building. Trans. Roy. Soc. of Edinburgh, vol. 
xxxv, 1888, p. 337.
6 Loc. cit.
7 Der Mechanismus der Gebirgsbildung. Heidelberg, 1880.
8 La Géologie Expérimentale. Paris, 1899.
9 Études Geol. sur le Pays-d’Enhaut Vaudois— 3' partie, A. Mechanism des Disloca­
tions. Bull, de la Soc. Vaudoise des Sciences naturelles, 1884.
10 Geologische und Geographische Expérimente. Leipzig, 1892-1894.
LTrsachen der Deformationen und Gebirgsbildung. Leipzig, 1892.
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experim ental work on the same lines, directed to the solution of special 
phases o f the complex problems presented by the intricate structure of 
folded m ountains.
M ellard K eid,11 on the other hand, investigated the action of heat, in 
the developm ent through expansion and flow, in  sheets o f lead and other 
m etals, o f structures analogous to those displayed in  m any m ountain 
ranges.
These led up to the more extended and im portant investigations car­
ried out by B ailey  W illis .12
In  these investigations, em ploying a m achine of the same general type 
as th a t used by the earlier experim enters and layers o f w ax of different 
degrees o f p lasticity, m oving by tangen tial thrust and under a vertical 
load produced by a heavy layers of shot, w hich consequently adjusted 
itse lf to the varyin g form  and inclination  of the fo ld ing surface, B ailey 
W illis  studied the deportment under different conditions o f load of a 
series o f th in  beds, a succession of th ick  beds, and of a sequence of thick  
and th in  beds. H e ascertained the very im portant role played by stronger 
layers in  tran sm ittin g th ru st for long distances and developing competent 
arches, and also the m arked m anner in  w hich the whole character of the 
fo ld in g  was influenced by in itia l dips in  a stratified series.
T h is study served to throw very im portant lig h t on the mechanism of 
the developm ent o f the type o f fo ld in g displayed by the Appalachian 
M ountains.
A  fu rth er advance w as m ade in  th is line of experim ental work by 
P aulcke13 in  1912. T h e aim  which P au lcke  set before him  was to repro­
duce in his experim ents the types o f structure displayed by certain speci­
fied m ountain ranges, and having learned how to reproduce each type at 
w ill, to analyze the precise causes w hich determine the development of 
one or other type of structure, as the case m ay be. H e selected for study 
three types of m ountain structure, nam ely, those o f :
1. T h e Jura.
2. T h e western Sw iss Alps.
3. T h e eastern Lepontine Alps.
E m p loyin g an apparatus sim ilar in  a general way to th at used by 
B ailey  W illis, he succeeded eventually in  being able to reproduce at w ill 
any one of these structures, and ascertained from  his experim ental work 
th at the development o f the differences w hich characterize these several
11 The Evolution of Earth Structure. Longmans, Green & Co., London, New York, and 
Bombay, 1903.
12 The mechanics of the Appalachian structure. TI. S. Geol. Survey, 13th Ann. Report. 
Washington, 1893.
13 Das Experiment in der Geologie. Karlsruhe, 1912.
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types o f structure is determined, in  the first place, by the petrographical 
character of the sediments w ith in  the complex— th at is, their relative 
hardness— and their position in relation to one another. In  the second 
place, by the character of the basement on w hich  the sedim entary strata 
lie, and,thirdly, by the am ount o f vertical loading to which they are sub­
jected  durin g the action of the tangential thrust.
P aulcke’s work thus in  certain  directions develops the principles dis­
covered by B ailey  W illis  and represents the last o f a series o f experim ental 
studies which have thrown m uch lig h t on the m echanism  of m ountain- 
m aking.
B u t while m uch ligh t was being thrown on the m echanics of mountain- 
build in g by the experim ental method, another and extrem ely obscure, 
b u t h igh ly  interesting, group of phenomena was attractin g attention, 
nam ely, the movements and changes which take place w ithin  the sub­
stance o f the rocks themselves when subjected to these enormous forces 
by w hich they are folded into m ountain chains. T h e results o f these 
forces are seen in  their m ost strik in g form s in  those rocks w hich have 
been buried in  the deeper parts o f the earth’s crust, w here these forces act 
m ost intensely. T h e phenomena are those of schistosity or foliation, 
rock-flow, and the accom panying aspects of m etam orphism .
T h e schistose, foliated, or gneissic structure displayed by these rocks 
was form erly regarded as an im perfect or p artia lly  obliterated bedding. 
F o x ,14 however, in  1837, claim ed to have determ ined experim entally th a t 
a  current o f electricity  passed through damp clay would render the mass 
schistose, and on the basis of th is observation for a tim e m any of the lead­
in g  geologists looked to  electric charges passing through the earth’s crust 
as a  probable cause o f the development o f schistosity. Sorby,15 however, 
on the ground of a m icroscopic study of these schistose rocks, pointed out 
th at movements under pressure determ ined the developm ent of this pecu­
liar  structure and showed experim entally by subm itting a stiff mass o f 
micaceous iron ore and clay to heavy pressure th at in  such a m ixture 
movements under pressure would produce a distinct foliation.
A  num ber o f other investigators followed up this line o f experim ental 
work, am ong whom m ay be mentioned T yn dall, Daubree, and Tresca, and 
showed that under such movements in  plastic masses any scaly m ineral 
present w ill become orientated in  the direction of the m ovement, g iv in g  
rise to a schistose structure in  the mass. T yn d a ll16 even showed th at in
14 Mem. Royal Cornwall Polytechnic Soc., 1837.
15 Edinburgh New Phil. Jour., vol. lv, 1853, p. 437, and London, Edinburgh, and Dublin 
Phil. Mag., vols. xi and xii, 1856.
16 Comparative view of cleavage of crystals and slate rocks. Royal Institution of 
Great Britain, .Tune 5, 1856.
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a mass o f pure wax differential pressure w ill develop a w ell defined schis­
tose structure through the flattening in one. plane of the m inute globules 
o f w hich that m aterial is composed. B u t the question as to whether pres­
sure alone could bring about such movements in the solid rocks of the 
earth’s crust rem ained unanswered.
D avid  Forbes,17 as early as 1855, carried out a series o f experim ents 
in  w hich slabs of rock were embedded in  the floor o f a  blast furnace, and 
from  these concluded that not only pressure but also heat, w hich effected 
a p artia l recrystallization of the constituents o f the rock, w as needed to 
produce foliation.
A  school of later observers, again, have held that the foliation  of the 
crystalline schists is a phenomenon due to a process of solution and re­
deposition of the constituent m inerals o f the rock under conditions o f 
pressure in  the presence of moisture.
W hile, therefore, a ll observers agree th a t pressure is an agent in  the 
production o f schistosity or foliation, the relative p a rt played in  this 
process by pressure, heat, and solution has remained a m atter of in d i­
vidual opinion.
W hen m apping the very extended area o f Precam brian rocks embraced 
by the H aliburton and B an croft region of the Laurentian  peneplain in  
southeastern Ontario, this ancient question as to 'the p art played by these 
three factors respectively in  the development of the foliated  or gneissic 
structure, which is seen alm ost everywhere in  more or less pronounced 
developm ent over these thousands o f square m iles of glaciated exposures, 
continually presented itself.
I t  was impossible to solve the question by the closest and m ost atten­
tive observation in  the field or by the m ost careful petrographic study of 
thin-sections of the rocks themselves. I t  seemed, however, that some 
lig h t m ight be thrown on the problem b y  the aid of further experim ent, 
for in  experim entation i t  m ight be possible to separate the three factors 
o f pressure, heat, and solution and investigate the action o f each sepa­
rately.
I t  was evident from  the field study th a t the limestones of this ancient 
com plex were the m ost plastic elem ent in  the series and yielded most 
readily to the forces which had produced movement w ith  its concom itant 
development of schistosity. I t  appeared, therefore, th at this rock would 
lend itse lf most readily to tr ia l by experim ent.
Pressure alone was first employed. A n d  in  order to reproduce th e con­
ditions of pressure found in  the earth’s crust, a differential pressure—
17 On the causes producing foliation in rocks. Quart. Jour. Geol. Soc., 1855, p. 184.
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that is to say, a  pressure from  a ll sides, but m uch greater in  one direction 
than in  the others— was required. T h is  condition was secured by inclos­
in g  very accurately turned and polished cylinders o f C arrara m arble in 
heavy tubes of n ickel steel o f peculiar form  and fitted w ith  pistons of 
chrom ium  tungsten steel.
I t  was found th at by the application of differential pressure alone a 
perfect deformation of the marble was obtained— the rock flowed as a 
colum n of soft m etal m ight. I f  the m ovement was allowed to go forw ard 
very slowly, the rock was deform ed w ithout loss of strength.
T h e action of pressure combined w ith  heat w as then exam ined, and it  
was found th at when the rock was heated to 300° C. or 400° C.— a heat 
which is too low to disassociate the molecule— the m ovem ent takes place 
more readily, and m ay therefore be carried out more quickly w ithout 
im pairin g the original strength o f the rock.
T he third  factor, that o f m oisture, was then introduced and the rock 
was slowly deform ed through a period of two months, w hile m aintained 
at a tem perature o f 300° C. and w ith  steam being forced through it  w hile 
the deform ation was going forward. T he presence of m oisture in  th is 
experim ent was found to produce no noticeable effect; the character of 
the deform ation was identical w ith th a t where pressure and heat alone 
were employed.
A  study of thin-sections of the deform ed limestone, moreover, showed 
quite clearly the nature o f the m ovem ent which had taken place. I t  was 
a m ovement on the g lid in g  planes o f the individual calcite crystals com­
posing the rock, accompanied by a fine polysynthetic tw inning, each of 
the original grains becom ing in  th is way elongated, so th at a schistose 
structure w as developed in  the rock.
T h is structure, furtherm ore, is exactly  that which is displayed by cer­
ta in  o f the limestones of h igh ly  contorted regions, so that we have experi­
m ental demonstration th a t in these cases pressure alone would have been 
quite adequate to produce the phenomena observed.
L eavin g this question of the deform ation of m arble, we m ay turn  to 
other rocks.
W hen various im pure limestones, such as those which are com m only 
found in  the Paleozoic and Mesozoic succession, were exam ined, it  was 
found experim entally th a t they could also be deformed by sim ple pres­
sure, w ith a development of the same schistose structure. T h is  is also 
true of alabaster, steatite, serpentine, and other of the softer rocks.
W ith  the harder rocks, such as granite, diabase, and essexite, it  was 
again  found th at pressure would produce a deform ation o f the rock w ith  
the development of a schistose or foliated  structure. In  these cases, also,
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the deform ation was d istin ctly  facilitated  by heat (350° C. to 450° C.). 
The structure, however, was no longer developed by a movement on the 
glid in g  planes of the constituent m inerals, but was produced chiefly by a 
granulation of the m inerals and the alignm ent of the grannies in  the 
plane o f the schistosity thus developed. The structure is identical w ith 
th a t seen in  m ylonite and m any augen gneisses, so th at experim ental 
proof is afforded th at such rocks m ay be produced in  nature by the action 
of pressure alone, but that the development of the structure is more 
readily effected i f  the rocks are hot.
So fa r  as these types o f rock are concerned, then, schistosity or foliation 
m ay be produced by pressure alone, w ithout heat and in  the absence of 
moisture.
T o  recur for a moment to the deform ation of marble.
I t  w ill be found that when m ost o f the foliated or schistose limestones 
which occur in  nature are exam ined under the microscope, they show 
little  or no evidence of pressure phenomena, such as those above described. 
The rock frequently presents the appearance of a mosaic of equidimen- 
sional grains, such as m igh t be expected to  have been ’ developed by an 
original crystallization of the m aterial. The schistosity in these cases is 
produced by an alternation of th in  laminae o f larger and sm aller indi­
viduals o f calcite or by the parallel arrangem ent o f other m inerals exist­
in g  as im purities in  the rock.
A schistosity of this character, which is to be observed not only in lime­
stones, but in very many other crystalline schists, has by most authors 
been regarded as susceptible of explanation only as being due to recrys­
tallization of the rock, through the agency of moisture present in the 
rock as the deformation was going forward. Some very interesting ex­
perimental work which has been carried out in recent years in the 
Geophysical Laboratory in Washington has, however, a very important 
bearing on this question.
Eeference has already been made to the experiments of Sir James Hall, 
in which he obtained a white crystalline marble by heating chalk under 
high pressure, experiments which were repeated later by Gustave Rose 
and the results confirmed. Hall believed that this change was due to a 
partial or complete fusion of the marble with subsequent crystallization 
on cooling.
I t  has recently been found, however, th at i f  finely powdered or loose, 
finely crystalline aggregates of a m ineral w hich is not destroyed by heat 
are subm itted for a considerable tim e to a tem perature which, w hile high, 
is still considerably below the fusion point o f the m ineral, th e powder 
w ill become progressively coarser in  grain. T he m ineral slowly volatil­
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izes and the loss from  the various grains is, of course, proportionate to 
their surface area; the sm aller grains, having a surface area relatively 
great as compared w ith their mass, have a tendency to decrease in  size 
and disappear, while the larger grains, owing to their greater mass, con­
dense this vapor on their surface and thus increase in  size under the 
operation law of surface tension.18
The process is essentially the same as th at which takes place when a 
very fine-grained precipitate of, for instance, barium  sulphate is kept 
warm for some tim e before filtering, the grain  of the precipitate thus 
coarsening by a process of solution and deposition. T h is coarsening of 
finely divided silicates by subm itting them  to a high tem perature when 
in a state o f very fine powder is now , I  am inform ed by D r. P . E . W right, 
regularly  employed at the Geophysical Laboratory in W ashington for 
the purpose of obtaining from  such fine-grained aggregates crystals suffi­
ciently large for purposes of crystallographic measurem ent or for the 
determ ination of their optical properties. T h e process in  the case o f 
m any m inerals goes forw ard quite rapidly.
N ow this fact, experim entally determined, has probably a very im por­
tan t bearing on the question of the origin  of the m etam orphic rocks in 
general, and especially of those crystalline schists w hich present the 
mosaic structure to which reference has been made above; for the m a­
terials out o f which they have been developed were fine in grain  and crys­
tallized not only under great pressure, but when deeply buried and there­
fore a t a h igh tem perature. In  m any cases they m ay have been subjected 
to long-continued heat after the parallelism  of constituents had been de­
veloped in them  by movements under pressure, in  which case th is coarsen­
ing of grain  w ith the final development of a mosaic structure, am ounting 
practically  to a recrystallization of the mass, would result.
T h is is a new principle in metamorphism, but one w hich is probably 
o f wide-reaching significance.
I t  m ay be noted in  this connection th at any m alleable m etal, when 
made to flow by rollin g or ham m ering, is deformed by the elongation of 
its constituent grains through movements on their g lid in g  planes, the 
hammered or rolled m etal thus takin g on a structure identical w ith that 
in  the marble deformed by pressure in  the experim ents m entioned above. 
I f  the m etal is then heated and allowed to cool slowly, th is fibrous struc­
ture com pletely disappears and is replaced by a typical m osaic structure 
identical w ith  th a t ordinarily seen in  natural marbles. U n der th is treat­
m ent a complete recrystallization of the m etal takes place in  the space of 
a few  m inutes and w ithout the point of fusion being even approached.
18 See also .Tustus R oth: Allgemeine Geologie, Bd. iii, 1, p. 154.
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In  th is connection the experim ental work carried out by Sprin g19 
should be mentioned. A lthough certain o f S p rin g ’s results have been 
called in  question by F riedel20 and Jannettaz,21 the whole field has been 
reviewed by Johnston and Adam s,22 of the Geophysical Laboratory at 
W ashington, and the bearing of Spring’s work clearly set forth. Spring 
has demonstrated that under high pressure certain substances unite chem­
ically  w ith  the production of new compounds. T hus copper and sulphur 
when compressed to 5,000 atmospheres unite to form  a black crystalline 
cupreous sulphide, while barium  carbonate and sodium sulphate yield 
under a pressure of 6,000 atmospheres barium  sulphate and sodium car­
bonate. Johnston and Adam s, however, have pointed out th a t a careful 
distinction m ust be made between sim ple cubic or hydrostatic compres­
sion and differential pressure which gives rise to a shearing movement or 
flow w ith in  the mass. The form er produces but little  effect in developing 
chem ical change ; the latter, however, does in  m any cases produce im por­
tant alterations in chemical composition and is in a way analogous to a 
long-continued grin d in g together of the reacting substances in a mortar. 
In  some cases the apparent interchange m ay be due to a process of diffu­
sion occurring between the particles of the two substances brought into 
intim ate contact by the pressure to which they are submitted. We have, 
by subm itting a m ixture o f certain salts to such differential pressure, 
giving rise to flow, obtained foliated structures w ith a development of 
new compounds, which reproduce in a strik in g m anner certain structures 
seen in the crystalline schists of h ighly contorted portions of the earth’s 
crust.
Another very im portant fact is that when m inerals of an acicular 
habit are developed in  a rock which is undergoing deform ation by differ­
ential pressure these new m inerals grow in  the mass w ith their longer 
axes orientated a t right angles to the direction in  which the pressure is 
being exerted, as shown by the experiments of F . E . W right23 on certain 
glasses w hich were allowed to crystallize when flowing under differential 
pressure, as well as by a series of experim ents by the w riter, the results 
of which have not as yet appeared, in w hich gypsum  is converted into a 
lower hydrate while submitted to heavy differential pressure. In  these 
cases crystalline rocks result, showing distinct foliation, the plane of this
19 Recherches sur la Propriété que possèdent les corps de se souder sous l’action de la 
Pression. Revue Universelle des Mines (and many other papers).
“ Bull. Soc. Chem. (2 ), vol. xxxix, 1883, p. 626.
»Ibid . (2 ), vol. xl, 1883, p. 51.
22 On the effect of high pressures on the physical and chemical behavior of solids. 
Am. Jour. Sci., March, 1913.
23 Schistosity by crystallization— a qualitative proof. Am. Jour. Sci., Sept., 1906.
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foliation being a t r ig h t angles to the direction of the force producing the 
movement.
In  all these cases, therefore, schistosity is produced by pressure or by 
pressure combined w ith heat, but in  the absence of moisture.
T h e question of the part played by solution under pressure in  the de­
velopment of the crystalline schists is one o f great importance. Speaking 
generally, when a crystal is strained its solubility on the strained face is 
increased. Consequently a strained crystal in contact w ith a saturated 
solution of any solvent dissolves on the strained faces and is redeposited 
where there is no strain. I t  would thus seem th at in the presence of 
m oisture great differential pressure, even at low temperatures, m ight if  
long continued effect a gradual recrystallization of a massive rock w ith 
the development of a foliated or schistose structure in  a direction at right 
angles to the direction of m axim um  pressure. Becke, Grubenmann, and 
others have seen in this conjectural process the chief factor in  the devel­
opment of great series o f crystalline schists which are m et w ith  in  the 
A lps and elsewhere and whose structure they designate as “ K rystalliza- 
tionsschieferung.”
T h is process o f solution which seems to have taken place, in some cases 
at least, and to have resulted in the development of a schistose structure 
in the rock, has not as yet been subm itted to investigation by experiment. 
T h e phenomenon attributed to it  m ay have been produced by recrystalli­
zation induced by pressure and heat.
E nough has been said to show that it is impossible in the present state 
of our knowledge to determine in  every instance the relative importance 
of the role played by pressure, heat, and solution in the development of 
a body of crystalline schists. Some progress has been made in  this direc­
tion, but there is still a  very wide and fru itfu l field open for experimental 
work. I t  would be a m uch appreciated boon i f  by such investigation it 
were possible to rescue our successors from  th at state of despair described 
by Sharpe “ as the first impression of an observer entering a district of 
gneiss or schists in  search of order in  their arrangem ent.”
I have dwelt a t some length on w hat is really a single great field of 
experim ental effort— that, nam ely, w hich has as its goal a correct under­
standing of the m anifold phases of the action of pressure, heat, and solu­
tion as displayed in the mechanism of m ountain-m aking and in  the de­
velopment o f the crystalline schists, which is another and accompanying 
m anifestation of the same agencies.
There are, however, m any other lines along which experim ent in  geol­
ogy has made notable conquests and in w hich brillian t results have been 
achieved.
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T im e does not perm it me to do more than m erely enumerate a few  of 
these.
A m ong the best known of these is the work of Fouqué and L évy,24 
M orozewicz,25 and others on the synthesis of igneous rocks and the eluci­
dation of the processes and conditions under which the crystallization of 
these rocks go forward.
T he studies of the m elting points of the rock-form ing m inerals, their 
solubilities in silicate magmas, of eutectic m ixtures, and m agm atic differ­
entiation, carried on by the staff of the Geophysical Laboratory in W ash­
ington, by Doelter26 and his pupils, by V o g t27 and others.
T he investigations which have been made in recent years into the true 
nature, m ineralogical composition, and chem ical relations of that great 
series o f artificial rocks which are daily  com ing to be of greater im por­
tance in  the arts of peace and war— the cements.
The extended investigations which are now being carried on in the 
Geophysical Laboratory, in  elucidation of the field studies o f Graton, 
into the composition of copper ores and the problems of secondary enrich­
m ent— investigations w hich are not only of great significance from  the 
standpoint of pure science, but which prom ise to have a far-reaching 
economic value.
A s examples of experim entation in  very different fields, the work by 
G ilbert28 and M urphy on the transportation of debris by runn ing water, 
that of Andrée,29 L an g and Peterson30 on the law s of geyser action, and 
th at by Daubrée31 on the development o f joints and fractures by torsion 
m ay be instanced.
T h e  F u t u r e  o f  e x p e r i m e n t a l  G eo lo g y
L ooking into the future, it is clear th at the great conquests which await 
experim ental geology are to be won through the application of accurate 
measurement to a ll experim ental work. W e are passing from  the quali­
tative to the quantitative in experim ental geology. To carry out such 
exact investigations in the regions of h igh  tem perature and great pres­
sure, by which alone we can hope to unlock the secrets o f the earth’s crust,
w ill require not only able workers— men of skill, resource, and im agina­
24 Synthèse des Minéraux et des Roches. Paris, 1882.
2® Tscher. Mitt., 19, 1, 1899.
26 Handbuch der Mineralchemie. Dresden, 1912.
27 Die Silikatschmelzlosungen. Christiania, 1903.
88 U. S. Geol. Survey, Professional Paper No. 86, 1914.
29 Neues Jahrb. für Min., Bd. 2, 1893.
30 Neues Jahrb. für Min., Bd. 2, 1889.
31 Études Synthétiques de Géologie Expérimentale.
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tion— but very elaborate equipm ent and large endowments. T h e chief 
advances, therefore, are to be expected from  great laboratories equipped 
for this special work, such as the Geophysical Laboratory o f the Carnegie 
In stitution  at W ashington, to which frequent reference has been made 
above, and from  which, under the direction of Doctor D ay, and w ith  in ­
vestigators o f such distinction as P . E . W right, W ashington, Sosman, 
Johnson, Bowen, and others who have been and still are connected w ith  
its staff, a continuous series o f publications of the highest value has 
issued, which, being based on the results of accurate observation and 
exact measurement, w ill rem ain perm anent contributions to geological 
knowledge.
B y  such investigations petrology w ill be made an exact science, and it  
is difficult to overestimate the advances which m ay be thus made in  m any 
other branches o f geology in  that new  era to which Daubrée32 refers in 
the closing sentence o f his great' work on m etamorphism, when he says:
“Géologie a enfin abordé une nouvelle période où elle s’éclairera dans ses 
phénomènes de tout ordre, chimiques, physiques et mécaniques, par l’expéri­
mentation synthétique, subissant ainsi des phases analogues à celles que la 
physique a traversées pour arriver, de l’état où la p rit Galilée, au point oû 
nous la  voyons aujourd’hui.”
82 Études et Expériences synthétiques sur le Metamorphism. Paris, 1860.
